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Although various axial static mixers have been proposed, their commercialization have been hindered by
their high pressure drop characteristic and the limited operating conditions where a wide frequency
range of input disturbances cannot be ﬁltered. The static “Time-Difference-Type Mixer (TDM)” is a new
practical axial mixer that effectively reduces the intermittent variation of the mixture concentration. In
the present study, the TDM was modiﬁed to decrease the pressure drop and smoothen the outlet con-
centration proﬁle. The geometry of the element tip was modiﬁed based on the results of CFD simulation
that were successfully validated by the corresponding experiments, with the purpose of reducing the
ﬂow resistance. A decrease in the pressure drop of nearly 40% was thus achieved. The concentration
proﬁle at the outlet was also substantially smoothened using an arrangement of the branch paths of the
mixer that reduced the differences among the arrival times of the mixture through increased upstream
spacing of the branch paths. The performance of the TDM was sufﬁciently optimized to make it com-
mercially viable.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In-line mixing processes are important in industry owing to the
energy and space savings that they afford. In-line mixing has been
the subject of many studies, and various static mixers are expected
to be proposed in the future. Almost all static mixers used in in-
line mixing are designed for continuous ﬂows, and are therefore
only capable of mixing in the radial direction of the ﬂow (Godfrey
1992; Thakur et al., 2003). Fig. 1a shows a model of mixing by aLtd. This is an open access article u
t Department, Asahi Organic
Nobeoka-city, Miyazaki 882-
9352.
.co.jp (T. Hanada),conventional static mixer, where the closed and open circles
represent the mixture components. As implied, a conventional
static mixer can only relocate the mixture components in the
radial direction of the ﬂow. Even in recent studies on static mixers,
the aim has been to achieve piston ﬂow and a sharp residence
time distribution. In other words, only the cross-sectional mixing
performance has been considered, and mixing in the ﬂow direc-
tion only occurs by diffusion (Meijer et al., 2012; Kumar et al.,
2008; Habchi, and Harion 2014; Alberini et al., 2014). Such studies
have thus been unable to reduce one of the problems most com-
monly encountered in industrial in-line mixing, namely, the
intermittent variation of the mixture concentration caused by the
intermittent injection of the components by a metering pump.
However, the intermittent variation of the concentration may also
occur for several other reasons such as changes in the ambient
temperature and poor design of the inlet port. A change in thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Conceptual diagram of in-line mixing. Closed and open circles represent the
mixture components respectively. (a) Mixing of continuous ﬂow causes the variations
of concentration in radial direction of ﬂow. A conventional static mixer can be used in
this case. (b) The intermittent injection of such as diaphragm pump causes the var-
iations of concentration in ﬂow direction. An axial mixer can be used in this case.
Fig. 2. Concept of TDM; (a) Single input pulse is divided into plural pulses, and
then will be merged again. (b) Ideal output proﬁle of single input pulse.
Fig. 3. \Steady state analysis for original model of TDM. (a) Analysis model (b) Pressure
distribution. The ﬂuid ﬂows from left-hand side at 1 m/s of ﬂow velocity.
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ﬂuctuation, whereas that due to poor mixing conditions occurs
over a shorter period. For example, if the storage tank that was
placed outside yard was used, a day-scale temperature variations
would be occurred. In contrast, when a smaller sub-ﬂow is injec-
ted into the main ﬂow from a large inlet, although the sub-ﬂow is
continuous, it may generate a droplet. This is a substantially
intermittent injection. This phenomenon becomes more severe
with increasing viscosity of the ﬂuid.
Conversely, axial mixers that are capable of mixing ﬂuids in the
ﬂow direction have been reported. The N-zone axial mixer, which
has some ﬂow elements, is an example, although it has a few
application constraints. It has many ﬂow elements that have dif-
ferent diameter, but it is difﬁcult to equalize the pressure drop
over each element (Nauman et al., 2002). Although an axial mixer
with an inner chamber that has a porous wall is a good concept
(Nauman and Oliver, 2008), the development of a practical model
of such a mixer to ﬁt the various ﬂow conditions would be difﬁ-
cult. This is because of the requirement of the wall porosity to
decrease with the axial position. Fig. 1b is a schematic illustration
of mixing using an axial mixer. As can be observed, an axial mixer
can relocate the mixture components in the ﬂow direction. Such
mixers are, however, usually characterized by a high pressure
drop, and are required to maintain a laminar ﬂow. To enable their
commercialization like conventional static mixers, it is necessary
to improve their mixing performance in the turbulent ﬂow region
and reduce the pressure drop.
As we have previously reported, the “Time-Difference-Type
Mixer” (TDM) reduces intermittent variation of the mixture con-
centration in the ﬂow direction (Hanada et al., 2012a, 2012b).
However, the TDM is only suitable for reducing concentration
variations that occur over a relatively short time. The structure of
the TDM is quite different from those of conventional static mixers
and other axial mixers. The TDM has a spiral main ﬂow path, a
central ﬂow path, and multiple branch paths that connect the two
ﬂow paths. According to its basic principle, the concentration
proﬁle is considered to be divided into a number of branch paths,
and the divided proﬁles then merge again after some time corre-
sponding to each branch path's length (see Fig. 2). This principle issimilar to the moving average principle, and the component ﬂuids
are therefore effectively mixed in the ﬂow direction. Fig. 3a shows
the cross-sectional view of the original TDM. Our previous study
showed that the variable pitch of the spiral ﬂow path enables an
excellent mixing performance that counters the intermittent
concentration variation in the ﬂow direction.
As noted above, the pressure drop, which is one of the most
important technical factors of an in-line piping system, should be
decreased to facilitate the practical application of the system.
Several studies have actually been conducted on the pressure drop
in different types of static mixers (Hirschberg et al., 2009; Song
and Han, 2005; Paglianti and Montante, 2013). Damping cap-
abilities are also required when the concentration variation period
is relatively long. Hence, the aim of the present study was the
geometrical optimization of a newly developed axial TDM to
achieve a low pressure drop and high mixing performance. We
used computational ﬂuid dynamics (CFD) to determine the part
where signiﬁcant pressure loss occurred, and according modiﬁed
the geometry of the element. The branch path arrangement was
also optimized by CFD to improve the mixing performance. CFD is
an effective tool for saving experimental time and cost, and it
enabled our quick determination of the structure of the mixer that
ensured practical performance.
Fig. 5. Steady state analysis for modiﬁed model of TDM. (a) Analysis model
(b) Pressure distribution. The ﬂuid ﬂows from left-hand side at 1 m/s of ﬂow velocity.
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2.1. Condition of simulation
We used the commercially available STAR-CCMþ software
(ver.7.04.012) (CD-adapco) to conduct steady-state and unsteady-
state analyses to clarify the axial mixing mechanism of the TDM.
The steady-state analysis was used to calculate the pressure dis-
tribution in the ﬂow path and the ﬂow rate distribution in each
branch path. The unsteady-state analysis was applied to the
changes in the output proﬁles of the single and multi-inputted
pulse tracers, which were given as passive scalars. The diffusivity
coefﬁcient was deﬁned by a Schmidt number of 400. The simula-
tions were performed on a HPZ800 workstation (Hewlett-Packard)
with a 12 GB RAM and 4core Xeon CPUW5590 (Intel) processors
operating at 3.33 GHz. The calculation mesh of each analysis
model was generated by a function of STAR-CCMþ and comprised
three layered prism meshes and a polyhedral mesh, which con-
tained a total of about 3105 cells. We have considered separately
in advance about the cell density, but we will not mention it in this
paper. The Reynolds number at the inlet of the mixer is between
3000 and 20,000, and the simulations were therefore performed
using a k–ε model that based on RANS (Reynolds Averaged
Navier–Stokes equations) under turbulent ﬂow conditions. In all
the simulations, the properties of water were applied to the ﬂuid.
2.2. Reduction of pressure drop
First, we analyze the computed static pressure of the ﬂow path
of the original TDMmodel. Fig. 3 shows the cross-sectional view of
the original model that was used for the analysis. We calculated
the pressure distribution in the ﬂow path. The boundary of inlet
was assigned a velocity inlet that has a ﬂow velocity of 1 m/s, and
the boundary of outlet was assigned a pressure outlet that has a
static pressure of 0 kPa. Fig. 3b shows the pressure distribution of
the 10-branch model (the diameter of all the branch paths is
2.0 mm) obtained by calculation. It can be easily understood that
an increase in the diameter of the branch paths would reduce the
pressure drop. However, the diameter cannot be easily increased
because it directly affects the mixing performance of the TDM. The
congestion of the isobar at the elbow portion that connects the
inlet and spiral paths of the TDM may be an indication of a large
pressure drop at that point, at which the maximum static pressure
also occurs. We are of the opinion that a sudden change in the ﬂow
direction was the cause of the pressure drop. We thus propose a
new design of this part of the mixer as shown in Fig. 4a. The shape
and dimensions of the other parts are as in the original model (see
Fig. 4b). To achieve a smooth change in the ﬂow direction between
the inlet and spiral ﬂow paths, we replaced the elbow portion with
a “blade structure” (see Fig. 4a) that reduces the pressure drop by
20% compared to the elbow structure model, as determined by
CFD simulation. Fig. 5b shows the pressure distribution deter-
mined by the model. It is obvious from Fig. 5b that the staticFig. 4. Geometries of the element tip of (a) Model No.1 (new blade structure) and
(b) Model No. 0 (original elbow structure).pressure around the tip of the element is lower than that of the
original model, and the congestion of the isobar at this point is
thus relaxed.
2.3. Improvement of mixing performance
In our previous study, we achieved some improvement in the
mixing performance of the original TDM, but it was insufﬁcient,
especially for extended concentration variations (Hanada et al.,
2012a, 2012b). Fig. 6 shows the output proﬁles of the original
model for multi-pulse injection, wherein pulses of width 0.1 s and
100% tracer density were repeatedly injected into a 1 m/s main
ﬂow at differing intervals. These results indicate that the original
TDM can reduce concentration variations that last for no more
than 0.5 s, but not those that last for more than 2.0 s.
In the present study, we attempted to improve the actual
output proﬁle by varying two geometrical properties, namely, the
diameter and pitch of the branch paths. When a narrow single
pulse entered the inlet of the TDM as a disturbance, a series of
equally spaced pulses of the same height as shown in Fig. 2b
would be ideally generated inside the TDM. This means that the
ﬂow rate of all the branch paths as well as their proﬁles would be
the same. The concentration proﬁle at the outlet of the TDM at this
point is indicated by the dashed line in Fig. 2b, and is formed by
the superposition of a series of pulses. The ﬂow rates in the dif-
ferent branch paths were actually not the same as shown in
Fig. 7a. The intervals and the shapes of the series of pulses were
not also the same as those shown in Fig. 7c and d, where the peak
of each proﬁle corresponds to the arrival time of the input pulse in
the branch path. In both ﬁgures, the velocity difference between
the outer and inner peripheries of the spiral path broadens the
output proﬁle. Because the peak width is determined by the length
of the spiral path, the output proﬁle of the downstream branch
was broader than that of the upstream branch. The ﬁrst attempt at
achieving the ideal proﬁles was aimed at decreasing the peak of
the output concentration proﬁle by reducing the ﬂow rate in the
upstream branches. Because the maximum height of the output
proﬁle depends on the resultant height of the proﬁles of the
upstream branch paths, if the diameter of the upstream branch
paths is decreased, the ﬂow rates in the upstream branch paths
would decrease, resulting in a decrease in the peak of the output
concentration proﬁle. The aim of the second attempt was to
reduce the differences among the arrival times by increasing the
spacing of the branch paths in the upstream direction. Because the
concentration proﬁles of the upstream branch paths are narrower
than those of the downstream branch paths, increasing the
Fig. 6. CFD simulations at multi-pulse injection. (a) Input pulses have a width of 0.1 s, a tracer density of 100% and various intervals T (0.5, 1.0 and 2.0 s, corresponding to 120,
60 and 30 shots per minute). (b) Output proﬁles of the original model.
Fig. 7. The difference between the elbow and the blade structure in the ﬂow characteristics. (a) Flow rate distributions for each branch path. (b) Output proﬁles at single
pulse injection. (c) Concentration proﬁles at each branch path for elbow structure. (d) Concentration proﬁles at each branch path for blade structure.
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problem of the peaks, thereby broadening the output concentra-
tion proﬁle.
The conditions for varying the diameters and pitches of the
branch paths are summarized in Table 1, where Models No. 0 and
No. 1 are the original and new blade models, respectively. The
diameters of Models Nos. 2 and 3 were varied based on the blade
model. The branch paths were set at every half rotation of
the spiral path (i.e., at 6.5 mm intervals in the axial direction). The
output concentration proﬁles for Model Nos. 1, 2, and 3 are shown
in Fig. 8a. As can be seen from the ﬁgure, the peak height of the
output proﬁle for Model No. 3 was reduced by 30% compared to
that of the original model, and the former proﬁle was also broader.
Fig. 8b shows the concentration proﬁle for each branch of Model
No. 3, and it can be observed that the downstream proﬁles are
narrower and have earlier arrival times compared to those for theblade model shown in Fig. 7d. It can also be seen that the differ-
ences among the peak heights for Model No. 3 are smaller than
those for the original model. It should be noted, however, that the
actual output proﬁle of a branch is the resultant of the con-
centration proﬁle and ﬂow rate of the branch. Nevertheless,
Models Nos. 4, 5, and 6 were also based on the blade model, in
which the diameters of the branch paths were equal. However, the
pitches of the branch paths of these models varied. Fig. 9a shows
the ﬂow rate distributions for Model Nos. 5 and 6. As can be seen
from the ﬁgure, the ﬂow rates in the different branches are dif-
ferent. Hence, the actual output concentration proﬁles, which are
the resultants of the respective branch concentration proﬁles and
ﬂow rates, are different. The output concentration proﬁles for
Model Nos. 4, 5, and 6 are shown in Fig. 9b. The peak of the
concentration proﬁle for No.5 is the lowest, and is only slightly
lower than that for No. 3. Fig. 9c and d shows the concentration
Table 1
Pitch and diameter of branch path for modiﬁed element of TDM.
Model No. Structure Geometry Number of branch path
1 2 3 4 5 6 7 8 9 10
0 Elbow Pitch 0 1/2 1 11/2 2 21/2 3 31/2 4 41/2
Diameter 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
1 Blade Pitch 0 1/2 1 11/2 2 21/2 3 31/2 4 41/2
Diameter 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
2 Blade Pitch 0 1/2 1 11/2 2 21/2 3 31/2 4 41/2
Diameter 2.0 2.1 2.2 2.3 2.4 2.5 2.7 3.2 3.5 3.6
3 Blade Pitch 0 1/2 1 11/2 2 21/2 3 31/2 4 41/2
Diameter 2.3 2.3 2.3 2.3 2.4 2.5 2.7 2.9 3.4 4.0
4 Blade Pitch 0 1/2 11/8 13/4 23/8 27/8 33/8 33/4 41/4 41/2
Diameter 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
5 Blade Pitch 0 3/4 15/8 21/4 27/8 33/8 33/4 4 41/4 41/2
Diameter 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
6 Blade Pitch 0 3/4 15/8 21/4 27/8 33/8 33/4 4 41/4 41/2
Diameter 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Units: Pitch/Rotation number of spiral path.
Diameter/mm.
Fig. 8. Flow characteristics of various models that differ the branch path diameter. (a) Output proﬁles for single pulse injection. (b) Concentration proﬁles at each branch
path for Model No. 3.
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tively. It can be observed that the intervals between the upstream
peaks are wider than those of the original and blade models.
Although there is no signiﬁcant difference between the con-
centration proﬁles of the branches of Model Nos. 5 and 6, the
difference between their output concentration proﬁles is quite
signiﬁcant. Model No. 6 has the same arrangement of the branch
paths as Model No. 5, but the diameter of the former is larger. As
we reported in our previous work, a larger branch diameter
increases the downstream ﬂow rate. Fig. 10a shows the CFD results
for Model Nos. 5 and 6 for multi-pulse injection at 1.0 s intervals.
Although Model No. 5 has a lower peak for single-pulse injection,
its amplitude for multi-pulse injection is larger. As shown in
Fig. 10b, we also compared the CFD results with those for the
Kenics-type mixer. The applied model of the Kenics-type mixer
had six elements, each of which was installed in a pipe of diameter
8 mm, thickness 1.5 mm, and length 12 mm. The Kenics-type
mixer does not signiﬁcantly reduce the intermittent concentra-
tion variation in the ﬂow direction.3. Validation
3.1. Measurement of pressure drop
We validated the simulation results by measuring the actual
pressure drop. The difference between the upstream anddownstream pressures was measured for a ﬂow velocity of 1 m/s.
We also calculated the Z-factor, which is the ratio of the pressure
drop of the TDM to that of an empty pipe of the same diameter
(8 mm) and length (100 mm):
Z ¼ ΔPΔP0
ð1Þ
were ΔP is the pressure drop in the TDM, and ΔP0 is the pressure
drop in the empty pipe. ΔP0 was calculated by the Darcy–Weis-
bach equation:
ΔP0 ¼ λ
L
D
ρu2
2
ð2Þ
where λ is the friction coefﬁcient calculated by the Blasius equa-
tion:
λ¼ 0:3164 Re0:25 ð3Þ
The experimentally determined pressure drops for all the
models in Fig. 11 were roughly consistent with those obtained by
CFD simulation, although the values for the different blade models
differed signiﬁcantly. The trends of the pressure drops are never-
theless the same, and this conﬁrms the reasonableness of using
CFD to reduce the pressure drop. Owing to the blade structure and
larger diameter of the ﬂow paths of Model Nos. 3 and 6, their
pressure drops were signiﬁcantly lower. The pressure drop in the
empty pipe calculated by Eq. (2) is also shown in Fig. 11a. We
Fig. 9. Flow characteristics of various models that differ the branch path pitches. (a) Flow rate distributions for each branch path of Model Nos. 5 and 6. (b) Output proﬁles at
single pulse injection. (c) Concentration proﬁles at each branch path for Model No. 5. (d) Concentration proﬁles at each branch path for Model No. 6.
Fig. 10. Output proﬁles for multi-pulse injection. (a) Comparison with Nos. 5 and 6. (b) Comparison with No. 6 and Kenics mixer.
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λ¼ aReb ð4Þ
Table 2 gives the values of the coefﬁcients a and b in Eq. (4).
Here, value of b on a Reynolds number for Model No. 3 is negative.
As shown in Fig.12, we calculated a Reynolds number of each
branch path at 1 m/s of ﬂow velocity. Although all of the CFD
simulations had carried out under the turbulent region that was
estimated by dimension of the main ﬂow channel, the Reynolds
numbers of branch path at upstream side of Model No. 3 were
under the laminar region or transient region. Only in the perfect
turbulent ﬂow condition, the exponent on Re for No. 3 model
might be positive. Fig.13 shows the experimentally determined
values of the Z-factor and their approximate curves. These values
are less than those reported by Berkman and Calabrese (1988) and
Kumar et al. (2008) for the Kenics-type static mixer under tur-
bulent ﬂow conditions. According to the ﬁndings of other previousstudies, the Z-factors of various static mixers obviously exceed 20
at a Reynolds number of 1000 (Chen 1973; Fang and Lee 2001;
Regner et al., 2006; Theron and Le Sauze, 2011). Thus, it is clear
that TDM with the Z value of around 10 under turbulent ﬂow
condition has lower pressure loss than the Kenics-type static
mixer. We deﬁned the mixing efﬁciency of the axial mixer in order
to describe the mixing enhancement as follows.
EA ¼ Z  hm=he ð5Þ
Here, hm is maximum peak height of the mixer in the impulse
response. And h0 is maximum peak height of the empty pipe that
have same length of mixer in the impulse response. Table 2 also
gives the values of the mixing efﬁciency of the axial mixer in Eq.
(5). A smaller value of the EA is represents that the pressure loss is
used efﬁciently for the energy of axial mixing.
Fig. 11. Pressure drop for various models. (a) Model No. 0 and empty pipe, (b) Model No. 1, (c) Model No. 3 and (d) Model No. 6.
Table 2
Coefﬁcients a and b in Eq. (4) and mixing efﬁciency EA in Eq. (5).
Model No. a b EA
0 0.93 0.044 2.3
1 0.91 0.050 1.6
3 0.18 0.076 0.8
6 0.51 0.021 0.9
Fig. 12. Reynolds number of each branch path at 1 m/s of ﬂow velocity.
Fig. 13. Z-factor for various models. Each line represents CFD results.
Fig. 14. Experimental setup for measuring the conductivity of mixture. Flow rate of
deionized water is 3 L/min, salt water of 0.75 mL is injected into deionized water by
metering pump intermittently.
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To verify the validity of the CFD analysis results, we conducted a
real ﬂow test using several practical models. Using the EHN-C32VC4R
T. Hanada et al. / Chemical Engineering Science 144 (2016) 144–152 151metering pump (IWAKI Co., Ltd.), we injected a pulse of salt water of
adjusted conductivity 100 mS/cm into a continuous water ﬂow
generated by a volute pump, and measured the conductivity of theFig. 15. Residence measurement circuit using an OP-amp.
Fig. 16. Comparison of output proﬁle with CFD at single pulse injection.
Fig. 17. Multi-pulse injection test of TDM or without any mixer. Interval of injec-
tions is 60 shots per minute (60 spm).
Fig. 18. Multi-pulse injection test of TDM. Models Nos. 3 and 6 are compared with orig
(b) Model No. 6 at 30 spm is compared with original model at 60 spm.mixture downstream of the mixer using a conductivity measuring
system that we developed (see Fig. 14). All of the piping in this sys-
tem are made of PFA tubing. The measuring system consisted of two
stainless steel electrodes, a residence measurement circuit, a pulse
generator, a data logger, and a PC. Here, the electrodes have a dia-
meter of 2 mm, and are placed into ﬂow channel with a interval of
1 mm. The residence measurement circuit is shown in Fig.15. To
avoid electrolysis or an electric double layer formation at the elec-
trode and the inﬂuence of noise, the voltage applied to Vp is an AC
voltage from the pulse generator (NF Corporation: WF1974). AC
voltage is sine wave with peak-to-peak voltage of 2 V and a fre-
quency of 1250 Hz. The sampling rate of data logger (Keyence Cor-
poration: NR-500) is 10 Hz. The resulting voltage value Vm is per-
formed Fourier transform processing by the free software. The
resistance between electrodes R1 is calculated as follows.
R1 ¼ Vm  R2=Vp ð6Þ
Here R2 is a known resistance. Thus, it is possible to determine
the concentration of salt water from the resistance value. The
shortest response time of this system was 10 ms. The ﬂow rate of
the water was set to 3 L/min, which corresponded to a ﬂow
velocity of 1 m/s. The volume of salt water injected per shot was
about 0.75 mL. We initially conducted a single pulse injection test
to examine the difference between the experimental and simula-
tion results. As can be seen from Fig. 16, the experimental results
for Model No. 6 are exceptionally consistent with the simulation
results. There are two major peaks around 0.6 and 1.2 s. Although
the proﬁle of the experimental results is sharper than that of the
simulation results, it can be concluded that the simulation of the
present work can be effectively used to optimize the shape of the
TDM. The difference between the CFD and experimental results
are attributed to the input pulse width and the diffusion coefﬁ-
cient. In addition, experimental result has a long tail. We believe
that the long tail is due to a dead volume. There are some gaps
between the element and the housing, but also the joint part of
TDM and piping. Since saved salt water in the gap ﬂow out gra-
dually, the long tail is occurred.
We also conducted a multi-pulse injection test using the same
measuring system used for the single-pulse injection test. Fig. 17
shows the results of the multi-pulse injection test for a pulse rate
of the metering pump of 60 shots per minute (spm). The dashed
line represents the results without using a mixer, and the con-
tinuous line represents the results for the original model.
According to a previous study, no conventional static mixer is
capable of reducing the intermittent concentration variation in
this manner. The concentrations for the original model and the
models optimized in this study for a metering pump pulse rate of
60 spm are compared in Fig. 18a. As can be seen, the concentrationinal model. (a) Interval of injections is 60 shots per minute (60 spm) at all models.
T. Hanada et al. / Chemical Engineering Science 144 (2016) 144–152152amplitude for Model No. 6 is less than one quarter of that for the
original model. The dashed line in Fig. 18b represents the mea-
surement results for Model No. 6 for a longer concentration var-
iation produced by a metering pump pulse rate of 30 spm. The
concentration amplitude for Model No. 6 in this case is almost the
same as that for the original model for a metering pump pulse rate
of 60 spm. If the acceptable mixing performance is the same for
these two models, Model No. 6 can be used in two times longer
time region.4. Conclusions
In this study, an axial TDM mixer was improved to enable it
achieve the same mixing performance as a normal axial mixer
while operating against a concentration variation with a twice as
long period, and also decreasing the pressure drop by nearly 40%.
Furthermore, the Z-factor of the improved TDM was smaller than
that of the Kenics-type mixer. The improved mixing performance
was achieved by varying the pitch of the branch paths, while a
modiﬁed shape of the element tip was used to reduce the pressure
drop and further improve the mixing performance. Additional
useful information was extracted by obtaining the concentration
proﬁle and arrival times in each branch path of the mixer. It was
observed that the proﬁle of the input pulse was stretched by the
velocity distribution in the spiral path, and further study is
therefore planned to determine the optimal shape of the spiral
path. With regard to multi-pulse injection, a ﬂat output proﬁle is
not desirable, and Model No. 5 in this study, which had a trape-
zoidal output proﬁle, could therefore not be used to achieve
greater reduction of the intermittent concentration variation than
Model No. 6. However, for the same width of the output proﬁle
and period of the concentration variation, better results would be
obtained from Model No. 5. Otherwise, good results would be
obtained by an approximately bell-shaped time distribution.
For further improvement of an in-line mixing process, an axial
mixer can be used together with a radial mixer. By this means, the
gains of the reduced pressure drop, which is the greatest
achievement of the present study, will be maximized.Nomenclature
D diameter of tube [m]
EA efﬁciency of axial mixing [dimensionless]
L length of mixer [m]
he maximum peak height of the empty pipe in the impulse
response [%]
hm maximum peak height of mixer in the impulse response [%]
ΔP pressure drop across TDM [Pa]
ΔP0 pressure drop across empty tube [Pa]
R1 resistance between electrodes [Ω]
R2 known resistance [Ω]Re Reynolds number [dimensionless]
u average velocity of ﬂuid [m/s]
Vm measurement voltage [V]
Vp input voltage [V]
Z pressure drop ratio [dimensionless]
λ friction coefﬁcient [dimensionless]Acknowledgments
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